To clarify the relationship between the hippocampus and the event-related responses in auditory information processing, we recorded event-related potentials (ERPs) and event-related magnetic fields (ERFs) associated with the auditory oddball paradigm in 12 patients with temporal lobe epilepsy before and after surgical treatment, and in eight age-matched healthy volunteers. Lesions in the patients were hippocampal sclerosis (8), cyst (2), cavernoma (1) and calcified arteriovenous malformation (1), all in the unilateral temporal lobe. Standard temporal lobectomy (8), selective amygdalohippocampectomy (2), selective hippocampectomy (1) and inferior lateral temporal resection (1) were carried out. ERPs were recorded in nine patients before surgery, in all 12 patients after surgery, and in all normal subjects. P300 was maximal at Pz in the patients both before and after surgery, and in normal subjects. The peak latency and amplitude of P300 measured at Pz in the patients either before or after surgery did not differ significantly from those in normal subjects. After surgery, only the amplitude of P300 over the anterior and mid-temporal area on the resected side was attenuated, while it was symmetric before surgery regardless of the side of epileptogenic focus. ERFs were recorded in three patients before surgery Keywords: hippocampus; temporal lobectomy; event-related potentials; event-related magnetic fields; magnetoencephalography Abbreviations: ANOVA ϭ analysis of variance; BNE ϭ balanced non-cephalic electrode; ECDs ϭ equivalent current dipoles; EOG ϭ electro-oculogram; ERFs ϭ event-related magnetic fields; ERPs ϭ event-related potentials; ILTR ϭ inferior lateral temporal resection; MEG ϭ magnetoencephalography; SAH ϭ selective amygdalohippocampectomy; SH ϭ selective hippocampectomy; STL ϭ standard temporal lobectomy
Introduction
It has been suggested that event-related potentials (ERPs), especially P300, reflect neural activity related to attention and memory updating of discrete events (Vaughan and Ritter, 1970 ; N. K. Squires et al., 1975; Courchesne et al., 1977 ; K. C. Squires et al., 1977; Donchin et al., 1978; Barrett et al., 1987; Donchin and Coles, 1988; Fabiani et al., 1987; Picton and Hillyard, 1988; Neshige and Lüders, 1992; Suwazono et al., 1994; Kanda et al., 1996; Nishitani et al., 1996) . Regarding the generator source of P300, several intracranial depth recordings for localizing the epileptogenic foci in patients with intractable partial epilepsy provided some evidence supporting P300 being generated at least from the hippocampus and amygdala (Halgren et al., 1980 (Halgren et al., , 1995  N. K. Squires et al., 1983; Fedio, 1986, 1987; McCarthy and Wood, 1987; Halgren, 1988; Johnson, 1989a, b; McCarthy et al., 1989) . In the analysis of the intracerebral potentials, the P300 wave was frequently abnormal when recorded from the mesial temporal area containing the sclerotic hippocampus (Meador et al., 1987; Wood et al., 1988; Puce et al., 1989) . There were some studies of the scalp-recorded P300 in patients with lesions in the mesial temporal area. Rugg et al. (1991a) reported that P300 was symmetric and of normal amplitude in a patient with severe verbal memory deficit due to low grade glioma involving the full extent of the left mesial temporal area. Polich and Squire (1993) , by recording P300 in patients with amnesia due to bilateral hippocampal lesions including the CA1 region, reported that the hippocampal formation did not significantly contribute to the scalp-recorded P300. Honda et al. (1996) found P300 abnormalities in patients with selective impairment of recent memory, and concluded that the potential generated in the mesial temporal area, by itself, is not always reflected as a component of the scalp-recorded P300. Furthermore, the scalp-recorded P300 was normal in epileptic patients even after the unilateral temporal lobectomy Johnson, 1988) . O'Donnell et al. (1993) showed, by using the Brain Electrical Source Analysis (BESA) (Scherg and Von Cramon, 1986; Scherg, 1992) , that the dipoles of P300 in the mesial temporal area were affected in patients with amnestic syndrome. These studies suggest that the scalp-recorded P300 may represent the summation of the activities arising from a number of different generators, and that the hippocampus is not the only source of the scalp-recorded P300.
As EEG is strongly affected by the different electric conductivity of the structures covering the brain surface, especially the cerebrospinal fluid and skull, it is difficult to evaluate EEG signals accurately in patients, especially after craniotomy. On the contrary, since the magnetic field generated in the brain is influenced much less by those surrounding structures compared with electrical potentials (Barth et al., 1986) , magnetoencephalography (MEG) can identify the neural source more accurately than EEG in the patients, even after craniotomy. For the possible sources of event-related magnetic fields (ERFs) recorded in an auditory oddball paradigm, corresponding to P300, two regions have been suggested so far; the mesial temporal area, possibly the hippocampus (Okada et al., 1983; Lewine et al., 1990) , and the superior temporal area (Gordon et al., 1987) . Rogers et al. (1991) , also employing the auditory oddball paradigm, concluded that the responses to the target stimuli arose in deep cerebral regions and propagated to the auditory cortex with time. Okada et al. (1983) recorded ERFs in a visual oddball paradigm, and identified the sources for their P3m in the hippocampus. However, these studies recorded responses only from a restricted area of the head with limited MEG channels and, furthermore, utilized a single dipole model. Recently, two groups reported the neural correlates of auditory processing by using a whole-head MEG (Tesche et al., 1996; Nishitani et al., 1998) . Tesche et al. (1996) detected the neural sources in the mesial temporal area in a high stimulus rate auditory detection task. We demonstrated three generator sources for the ERF on each hemisphere in the auditory oddball paradigm; the mesial temporal area, the superior temporal area and the inferior parietal area (Nishitani et al., 1998) . This is the first combined study of ERPs and ERFs recorded by whole-head MEG in patients with temporal lobe epilepsy before and after surgical treatment. By using MEG, which is a clinically useful method of estimating brain activities non-invasively without being influenced by changes in the structures surrounding the cortical surface, the results obtained clarified a relatively limited role for the hippocampus in the generation of the scalp-recorded P300.
Methods Subjects
Data were obtained from 12 patients (four males and eight females; age 19-47 years, mean 29 years; all right-handed) with the diagnosis of medically intractable temporal lobe epilepsy according to the criteria of International Classification of Epilepsies and Epileptic Syndromes (Commission on Classification and Terminology of the International League Against Epilepsy, 1989) . Clinical profiles of each patient are given in Table 1 . Age at seizure onset was 2-20 years (mean 10.3 years), and the duration of clinical course after the first seizure was 7-40 years (22.2 years). All patients were treated with some anticonvulsants (one or various combinations of carbamazepine, diazepam, phenobarbital, phenytoin and valproic acid) before surgery, which were left unchanged after surgery. Ictal EEG showed focal epileptiform discharges starting from anterior temporal, mid-temporal or frontopolar channels over the right or left hemisphere. Head MRI revealed arteriovenous malformation, cavernoma, calcification and a cystic lesion in one patient each, and sclerosis or atrophy in seven patients, all in the Rt. ϭ right; Lt. ϭ left; F ϭ female; M ϭ male; A. ϭ amygdala; H. ϭ hippocampus; T. ϭ temporal lobe; AVM ϭ arteriovenous malformation; MRGlu ϭ metabolic rate of glucose; CBZ ϭ carbamazepine; DZP ϭ diazepam; PB ϭ phenobarbital; PHT ϭ phenytoin; VPA ϭ valproic acid; SAH ϭ selective amygdalohippocampectomy; SH ϭ selective hippocampectomy; PTR ϭ posterior temporal resection; STL ϭ standard temporal lobectomy; ILTR ϭ inferior lateral temporal resection, in this and other relevant tables. -: not tested; * ϭ impossible to examine due to poor performance. mesial temporal area. In the remaining patient (Patient 12), a cystic lesion was seen in the inferior lateral temporal area. On the intracarotid sodium amobarbital (Wada) test (Wada and Rasmussen, 1960; Powell et al., 1987) , the speech dominance was found on the left hemisphere in five patients, on the right in three and bilateral in one, and the memory dominance was found on the left hemisphere in five patients, on the right in one and bilateral in three (Table 1) . In one patient (Patient 11), the Wada test could not be examined because of the patient's poor performance. With regard to surgical treatment, selective amygdalohippocampectomy (SAH) was performed in two patients, selective hippocampectomy (SH) and inferior lateral temporal resection (ILTR) in one each, and standard temporal lobectomy (STL) in the remaining eight patients. In STL, the superior temporal gyrus was preserved in all patients. SH resected the anterior 2-3 cm of the hippocampus. SAH consisted of total resection of the amygdala and removal of the anterior hippocampus (2-3 cm). ILTR included the partial resection of the inferior temporal and fusiform gyri. For the control study, eight healthy volunteers (six males and two females; age 21-37 years, mean 28 years; seven righthanded and one left-handed) participated in the recording of ERPs, and six of them in the recording of ERFs. The ERF data of these normal subjects were reported previously for another purpose (Nishitani et al., 1998) . Informed consent was obtained from each patient after full explanation concerning the purpose of this study. This research was done in accordance with the guidelines of the Committee of Medical Ethics, Graduate School of Medicine and Faculty of Medicine, Kyoto University.
Experimental paradigm
This study was carried out using the same paradigm as that employed for our previous study (Nishitani et al., 1998) . The subjects were seated in an arm-chair in a quiet room for the ERP recording. For the ERF recording, they were seated in a chair made of glass fibre in a quiet and magnetically shielded room, and their head was positioned in a helmetshaped dewar and closely attached against its inner vault. They were requested to keep their eyes open, to fix on a target mark placed 2 m in front of them and to keep still during the measurements in order to eliminate blinks and slow eye movements.
The standard auditory oddball paradigm was employed for the stimulus sequence, in which the tones of either 1 kHz (non-target) or 2 kHz (target) were delivered binaurally by a sound stimulator with the probability of 80% for the nontarget and 20% for the target stimuli. The duration of each tone was 50 ms, consisting of 10 ms of rise/fall and 30 ms of plateau. The order of tone presentation was randomized, and the rate of stimulus presentation was once per 2.2 s on average (2.0-2.4 s). For the ERP recording, the tones were presented through the headphone. For the ERF recording, in order to eliminate large magnetic artefacts, the tones were delivered from small speakers placed 5 cm away from the dewar of the neuromagnetometer, and were led to the subjects through plastic tubes and ear pieces which fitted tightly into the external ear canal. The intensity of both tones was adjusted to 85 dBSPL on the headphone for the ERP recording and at the exit of the plastic tube for the ERF recording. As the response task, the subjects were requested to count the number of the presented target stimuli silently and to report their total number at the end of each session.
Data acquisition ERP recording
EEGs were recorded from 22 shallow cup electrodes placed on the scalp at FP1, FP2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, Oz and O2 according to the International 10-20 System, and additionally at T1 and T2. Those were affixed on the scalp with collodion, and the impedance of all electrodes was kept at Ͻ5 kΩ. In this recording, all electrodes were referenced to a balanced noncephalic electrode (BNE) (Stephenson and Gibbs, 1951) . A monopolar electro-oculogram (EOG) was monitored with an electrode placed below the right outer canthus referenced to the BNE. EEG and EOG signals were filtered by a bandpass of 0.05-100 Hz (-3 dB), and the sampling rate used for digital conversion was 500 Hz.
The responses were averaged on-line with respect to the onset of the target and non-target stimuli separately. The analysis window for the on-line averaging was from 100 ms before to 900 ms after each stimulus onset. Approximately 100 auditory stimuli, comprising both the target and nontarget stimuli, were delivered in one session. In order to confirm the reproducibility of responses, at least three sessions of testing were carried out for each recording in each patient. Within each session, the response to the first target stimulus was excluded from the on-line average to avoid the startle effect. The epochs with amplitudes exceeding 100 µV for EEG and/or EOG were excluded automatically from the averaging. When any sessions were contaminated with excessive artefacts such as eye movements and noise in any of the channels or if the patient was found to be drowsy, those sessions were excluded from the following analysis, and additional sessions were carried out.
ERF recording
The brain's magnetic signals were measured with a helmetshaped 122-channel neuromagnetometer, which used 61 pairs of two orthogonally arranged 'figure of eight' planar firstorder gradiometers placed at 61 measurement sites. This system measures the two orthogonal derivatives of the radial magnetic component (Ahonen et al. 1993) , and typically detects the largest signal just above the corresponding generator source. Head position with respect to the sensor array was measured with head position indicator coils placed on the defined scalp sites. The positions of head position indicator coils in relation to anatomical landmarks of nasion and bilateral preauricular points, where oil tablets were placed for the MRI scanning, were measured with a 3D digitizer (Isotrak 3S1002, Polhelmus Navigation Sciences, Colchester, VT) to allow alignment of the MEG and MRI coordinate systems. At the beginning of every recording session, the magnetic signal produced by three head position indicator coils on the scalp was measured by the sensors to determine the head position with respect to the sensor array. Head MRIs were obtained with a one Tesla Siemens Magnetom™ system from all patients before and after surgery, and from all normal subjects.
During the MEG recording, EEG was recorded simultaneously from Ag/AgCl shallow cup electrodes placed at Fz, Cz and Pz in all subjects. The electrodes were affixed to the scalp with collodion and referenced to the linked ear lobe electrodes. The impedance of all electrodes was kept at Ͻ5 kΩ. To monitor eye movements and blinks, a monopolar EOG from an electrode placed below the right outer canthus referenced to the linked ear lobe electrodes and a bipolar EOG from that electrode to the right supraorbital electrode were recorded. To confirm the subject's vigilance and the task performance, the waveforms of EEG, EOG and selected channels of MEG were monitored on a cathode-ray tube display throughout the recording. Short breaks were given to refresh the subjects between sessions. During the intermissions, they were requested to keep the same head position as far as possible. The recording bandpass was 0.03-100 Hz for MEG, and 0.07-120 Hz for EEG and EOG, and the sampling rate for digital conversion was 404 Hz for all of them. The conditions for the on-line averaging, analysis window and stimulus rate in the ERF recording were the same as those adopted for the ERP recording. The epochs containing MEG signals exceeding 1500 fT/cm and those containing EEG or EOG signals exceeding 150 µV were excluded automatically from the averaging.
Data analysis

Identification of waveforms
For both MEG and EEG, after confirming the reproducibility of the averaged waveforms among like sessions for each individual subject, group averages for each of the target and non-target stimuli were obtained, and digitally low-pass filtered at 40 Hz prior to further analysis.
The peak of the N100 component of the EEG response was determined visually at Cz with the peak latency~100 ms after the stimulus onset, and that of the N1m component of the MEG response was also detected visually at the channels showing maximum magnetic deflection on each hemisphere around the same latency as that of N100.
The P300 component of ERPs was determined as a positive deflection of the EEG response to the target stimuli seen at Pz at the latency between 250 and 600 ms. The amplitudes of the scalp P300 were measured at all electrodes at the latency of P300. The magnetic deflections corresponding to P300 (M400) were detected during the same latency range in the MEG channels where the target response showed larger deflection compared with the non-target one. Amplitude measurement was done from the baseline which was determined by averaging the 100 ms segment before the stimulus onset for each channel of MEG and EEG.
The topographic maps at N100 and P300 peak latency were obtained for each subject by using the DP1100 Topography software (NEC-Sanei).
Source modelling from MEG
The sources of the magnetic fields were modelled as equivalent current dipoles (ECDs), whose location, orientation and current strength were estimated from the measured magnetic waveforms. To identify the source of ECD, the spherical head model whose centre best fitted the local curvature of the subject's brain surface was adopted, based on the individual MRI for each subject . The ECDs that best explained the most dominant signals were determined by the least-squares search by using 20-30 channels at the areas including the local maximum signals. For each subset of channels, ECDs were calculated for every 1 ms segment over the time period of 50 ms containing the peak latency of each component. Only the ECDs which fulfilled the following two criteria were adopted: (i) goodness of fit (g-value), which indicates how satisfactorily the model accounts for the measured field variance (Kaukoranta et al., 1986) , above 80% at selected periods of time for each subset of channels, and (ii) the confidence volume below 300 mm 3 . ECDs with the highest g-value and the smallest confidence volume were accepted for further analysis. Thereafter, the analysis was extended to the whole recording time and to all channels, based on the assumption that the sources were fixed in location and orientation but their strengths and directions changed as a function of time, as described below (Scherg and Von Cramon, 1986; Mosher et al., 1992; Scherg, 1992; Hämäläinen et al., 1993) . The isocontour maps at the selected latency were constructed from the magnetic fields by using the minimum-norm estimate that best accounts for the measured data (Ilmoniemi, 1991) .
First, the ECDs for the N1m in response to the target and non-target stimuli were determined separately on each hemisphere. For each of the target and non-target responses, the predicted waveforms throughout the analysis window over the whole head obtained by introducing the twodipole model for N1m were superimposed on the measured waveforms. Secondly, focusing on M400 in the target waveforms, a subset of channels, which showed a significant difference between the measured waveforms and the predicted ones obtained by adopting the above two-dipole model for N1m, was identified visually on each hemisphere, and then the ECDs were calculated over the subset of channels thus selected on each hemisphere. If any discrepancy still remained between the measured waveforms and the predicted ones obtained by adopting the dipoles for N1m and those for M400, another subset of channels was selected over other areas for detecting additional ECDs for M400. The remaining, unexplained part of the measured signals was extracted with the analysis method discussed in our previous study (Nishitani et al., 1998) , and a new ECD was identified from the remaining signals. Every time a new ECD was introduced, the predicted waveforms were calculated by adopting the fixed multidipole model. If there were magnetic signals unexplained by the predicted waveforms, the data were reevaluated for more accurate estimation. The g-values were calculated over all 122 channels and over the entire time period, and compared among different models to find the best possible solution. This approach was shown to give reliable results and has been used successfully in previous studies Levänen et al., 1996; Nishitani et al., 1998) . Finally, the estimated dipoles obtained through these procedures were superimposed on the subject's own MRI according to the alignment of the MEG and MRI coordinate system which was determined as described above.
Statistical analysis
An analysis of variance (ANOVA) was performed to evaluate the effects of groups (normal subjects, patients before and after surgery) on the latencies of the N100 and P300 component of ERPs and the effects of groups and sides (epileptogenic/resected side and intact side) on the amplitudes of N100 elicited by target stimuli. Amplitudes of P300 were normalized by subtracting the minimum values from each value and dividing the results by the difference between the maximum and minimum values at each channel (McCarthy and Wood, 1985) . To test the significance of amplitude differences across groups, the absolute as well as normalized amplitude of P300 in response to the target stimuli was analysed by ANOVA with respect to the effect of groups. These statistical analyses were also done in the difference waveforms obtained from the target and non-target stimuli in the range of P300 latency.
ANOVA was carried out in order to clarify whether there was any significant difference in the amplitude of P300 between hemispheres in the normal subjects. Regarding the patients' data, the epileptogenic and the resected sides were standardized to the same side. Based on the normalized amplitude of P300 in the responses to target stimuli as well as in the difference waveforms, the interactions between groups and electrodes were evaluated among all electrodes, among frontal electrodes (F7, F3, F4 and F8), among central electrodes (T3, C3, C4 and T4) and among posterior electrodes (T5, P3, P4 andT6), among parasagittal electrodes on each hemisphere [(Fp1, F3, C3, P3 and O1) and (Fp2, F4, C4, P4 and O2)], and among lateral temporal electrodes on each hemisphere [(F7, T3 and T5) and (F8, T4 and T6)].
The interactions between groups and electrodes on either parasagittal or lateral temporal electrodes were also estimated between both hemispheres. These interactions were tested between the normal subjects and the patients before surgery, and between the patients before and after surgery.
The latency and dipole moments of M400 in the normal subjects were analysed by ANOVA with the effect of hemispheres. Kruskal-Wallis test for the statistical analysis of the latency and dipole moments of M400 was performed among the left mesial temporal areas of the normal subjects, the mesial temporal area on the intact side in the patients before surgery and that after surgery. The same test for the latency and dipole moments of M400 among groups was done in the superior temporal area and the inferior parietal area on both the epileptogenic/resected side and the intact side.
Results
Before surgery, both ERPs and ERFs were recorded in three patients, and ERPs alone in six patients. The recordings were made 3 days to 6 months before surgery. After surgery (4 months to 1 year), both ERPs and ERFs were recorded in 10 patients, and only ERPs in the remaining two. In four out of 10 patients who had ERF records after surgery, the magnetic signals were contaminated with large noise. In two other patients (Patients 4 and 9), the early responses to the target and non-target stimuli were evoked before and after surgery, but the late responses showed no difference between the target and non-target stimuli before surgery in Patient 4 and after surgery in Patient 9. Consequently, the ERF data were available for the analysis of the late responses both before and after surgery in only two patients (Patients 1 and 3), and in three other patients (Patients 5, 6 and 12) only the data obtained after surgery were analysed. In the patients who underwent both ERP and ERF recordings either before or after surgery, ERP and ERF studies were carried out on separate days Ͻ1 week apart, under the same dose of medications for each individual patient. In none of the patients did clinical seizure occur during the ERP or ERF recordings.
Task performance
In all healthy volunteers as well as patients, the task of counting the number of target stimuli was performed with an accuracy of Ͼ98%. The total number of stimuli per block was 100 for ERP in all subjects, and varied from 100 to 120 for ERF. The number of target stimuli per block for both ERP and ERF ranged from 15 to 25. For each subject, four or five recording blocks were obtained, and three or four blocks were averaged for further analysis of the ERP and ERF data after confirming the reproducibility of the waveforms among like blocks. As a result, the mean numbers of responses to the target stimuli and to the non-target stimuli were 65 and 331, respectively, per subject. , both shown at selected electrodes, and scalp topography of N100 (C) and P300 (D), in Patient 1 before surgery. The vertical line shows P300 measured at Pz, and an asterisk shows N100 measured at Cz. Both N100 and P300 are maximal at the midline, at Cz and Pz, respectively, and symmetrically distributed.
ERPs
Early responses (N100) Latencies. In the normal subjects, the early responses were evoked equally by both the target and non-target stimuli, and were also evoked in all patients equally before and after surgery. The responses were clearly detected at Cz (N100) (Fig. 1A ). There were no significant differences in the peak latency of N100 measured at Cz among groups (Table 2) .
Amplitudes. The scalp topography of N100 in each patient before surgery showed the symmetric distribution, with the maximum amplitude at Cz, which was similar to the N100 distribution of the normal subjects (Fig. 1C ). There were no significant differences in the amplitude at Cz among groups. In the patients before surgery, there was no difference in the amplitude of N100 between the two hemispheres with respect to the epileptogenic side. In the patients who underwent SAH, SH and STL, the amplitude of N100 at the operated side increased, while it did not change at the unoperated side (Fig. 2) . The amplitudes of N100 at the anterior lateral channels showed a significant difference between the operated and the unoperated side [F(1,22) ϭ 10.0, P Ͻ 0.01] (Fig.   3A) . The scalp topography of N100 obtained after surgery was significantly different from that obtained before surgery (Fig. 2C) . In all the patients who underwent SH and STL and in one patient who underwent SAH (Patient 1), N100 showed asymmetric distribution with larger negativity at the fronto-temporal region on the operated side (Fig. 2C) . In the patient who underwent ILTR (Patient 12), there was no difference in the amplitude of N100 over the anterior temporal region between the two sides (Fig. 3A) .
Late responses (P300)
Latencies. In all normal subjects and in all patients both before and after surgery, only the target stimuli elicited a positive component between 300 and 425 ms after the stimulus onset, with the maximum amplitude at Pz (Figs 1  and 2 ). There were no significant differences in the peak latency among groups (Table 2) .
Amplitudes. For both the original and normalized data, there were no significant differences in the amplitude of P300 at Pz among groups, either in the responses to target stimuli or in the difference waveforms. In normal subjects, there was no significant difference in the amplitude of P300 between hemispheres. When the results for the patients before surgery were compared with the normal subjects, there were no significant groups ϫ electrodes interactions on the amplitude of P300, either in the normalized responses to target stimuli or in the difference waveforms, in any of the electrode combinations.
The scalp topography of P300 obtained after surgery was significantly different from that obtained before surgery (Fig. 2D) . When the data of the patients were compared before and after surgery, there were significant groups ϫ electrodes interactions on the amplitude of P300 among the lateral temporal electrodes [F(5,114) ϭ 3.10, P Ͻ 0.05 and F(5,114) ϭ 2.69, P Ͻ 0.05] and among the frontal electrodes [F(3,76) ϭ 3.40, P Ͻ 0.05 and F(3,76) ϭ 2.75, P Ͻ 0.05], both in the normalized responses to target stimuli and in the difference waveforms. However, there were no significant groups ϫ electrodes interactions among other electrodes. There was a significant difference in the amplitude of P300 only at the anterior lateral electrode on the resected side before versus after surgery, in the responses to target stimuli as well as in the difference waveforms, by Scheffe's F post hoc test [lateral electrodes, P Ͻ 0.05 and P Ͻ 0.01; frontal electrodes, P Ͻ 0.05 and P Ͻ 0.005].
For the results in patients before surgery, there was no difference in the amplitude of P300 at the anterior lateral electrodes between the epileptogenic and intact sides, either in the responses to target stimuli or in the difference waveforms. After surgery, for both the responses to target stimuli and the difference waveforms, there were significant amplitude differences at the anterior lateral electrodes between the resected and intact sides in all patients except for one who underwent ILTR (Patient 12) [SAH/SH, F(1,4) ϭ 8.60, P Ͻ 0.05 and F(1,4) ϭ 8.98, P Ͻ 0.05; and STL, F(1,14) ϭ 4.84, P Ͻ 0.05 and F(1,14) ϭ 5.94, P Ͻ 0.05]. Both in the responses to target stimuli and in the difference waveforms, there were also significant differences in the amplitude of P300 at the anterior temporal electrode on the epileptogenic/ resected side before versus after surgery [SAH/SH, F(1,3) ϭ 12.3, P Ͻ 0.05 and F(1,3) ϭ 60.3, P Ͻ 0.05; and STL, F(1,12) ϭ 6.06, P Ͻ 0.05 and F(1,12) ϭ 11.3, P Ͻ 0.05] (Fig. 3B ). The patient who had had ILTR showed the symmetric distribution, and there was no attenuation or magnification of P300 amplitude on the operated side.
The ERPs recorded simultaneously during the ERF recording also showed P300 with the maximum amplitude at Pz in the patients both before and after surgery.
ERFs
Early responses (N1m)
Magnetic deflections in the responses to the target and nontarget stimuli in Patient 1 are illustrated along with the simultaneously recorded EEG responses in Fig. 4 . The early responses were evoked equally by both the target and nontarget stimuli in the bilateral temporal areas (N1m). Table 3 shows the peak latency and the signal amplitude of N1m for the target stimuli in the normal subjects, and in the patients before and after surgery.
There were no significant differences in the peak latency of N1m between the two hemispheres in each group. The signal amplitude of N1m did not differ between the two hemispheres in the normal subjects or between the epileptogenic and intact hemispheres in the patients before surgery. In the patients who underwent the resection of hippocampus, the signal amplitude of N1m did not differ significantly between the hemisphere on the resected side and the intact hemisphere, regardless of the type of resection.
In both of the two patients in whom ERFs were available before and after surgery (Patients 1 and 3) , the magnetic fields of N1m for the target and non-target stimuli showed dipolar patterns on each hemisphere. Superimposition of these ECDs of N1m on the patient's own MRI indicated their location in the Heschl's gyrus of each temporal lobe (Fig. 5) . The locations of ECDs for N1m and M400 in the patients before and after surgery and those in the normal subjects are shown in Table 4 . ECDs for N1m in the patients both before and after surgery were located in similar areas to those for the normal subjects.
The simulated waveforms of MEG responses to the nontarget stimuli obtained by adopting two dipoles of N1m showed no significant differences from the measured waveforms throughout the entire analysis time. For the responses to the target stimuli, however, the simulated waveforms obtained by adopting two dipoles of N1m explained the measured waveforms only around the latency of N1m. During the later time period of the target responses, there were remarkable differences between the measured and simulated waveforms, thus indicating that the two-dipole model for N1m did not explain the late responses (Fig. 6) . These findings were common to all normal subjects and to all patients both before and after surgery, and also corresponded to the results obtained from the normal subjects in our previous study (Nishitani et al., 1998) . 3 Relative amplitudes of N100 (A) and P300 (B) at the anterolateral channels on the epileptogenic hemisphere and at the corresponding channels on the intact side before and after surgical treatment. The amplitudes were normalized against the maximum grand mean amplitude at the Cz and Pz, respectively. SAH ϭ selective amygdalohippocampectomy, SH ϭ selective hippocampectomy, STL ϭ standard temporal lobectomy, ILTR ϭ inferior lateral temporal resection.
Late responses (M400)
Latencies. In all normal subjects and in the two patients in whom the ERF data before surgery were available for the analysis (Patients 1 and 3) , the deflections peaking between 330 and 430 ms after the stimulus onset were observed only in response to the target stimuli over the anterior, middle and posterior lateral channels on each hemisphere (M400) (Figs  4 and 7) . In normal subjects, there were no significant differences in the M400 latency between the two hemispheres either at the anterior, middle or posterior lateral channels. For the epileptogenic side, there were also no differences in the M400 latency among the patients before surgery, those after surgery and the normal subjects (data from both hemispheres), as was also the case for the intact hemisphere. In the normal subjects, the dipole moments of M400 in the anterior lateral, middle lateral and posterior lateral areas were not significantly different between hemispheres (Table 5) . Dipole moments. In four out of the six patients for whom the ERF data after surgery were available (Patients 1, 3, 5 and 6), the late deflections were detected at the middle and posterior lateral channels on both hemispheres, and at the anterior lateral channel on the intact side but not on the operated side (Fig. 7) . In one patient who underwent ILTR (Patient 12), the late deflections were preserved in the anterior, middle and posterior lateral channels on both hemispheres. For the intact hemisphere, there was no significant difference in the dipole moments of M400 in the mesial temporal area among the patients before surgery, those after surgery and the normal subjects. With regard to the dipole moments of M400 in the superior temporal area and the inferior parietal area, there were no significant differences among the patients before surgery, those after surgery and the normal subjects, and either on the epileptogenic side or on the intact hemisphere (Table 5) .
In Patient 4 before surgery and in Patient 9 after surgery, the late deflections in the MEG response to the target stimuli were not recognized at any channel (Fig. 7) , although they performed the task well and also P300 of normal waveform was evoked on EEG.
Source modelling for M400
At the peak latency of M400 for each subset of channels, the magnetic fields of M400 showed dipolar patterns over x ϭ axis passing through the bilateral preauricular points (positive to the right), y ϭ axis perpendicular to the x-axis through the nose (positive to anterior), and z ϭ axis perpendicular to the other two axes through the centre of the x-axis. The locations were averaged after the correction with respect to the sphere origin of each subject. each hemisphere in the patients before surgery, and were similar to those of the normal subjects of the present as well as our previous series (Fig. 8) (Nishitani et al., 1998) . The magnetic fields of M400 in the patients after SAH, SH and STL showed similar dipolar patterns over each hemisphere, except for the resected area. In the patient after ILTR, the magnetic fields of M400 showed the dipolar patterns for all subsets of channels over both hemispheres.
As described in the section on early responses (N1m), the simulated waveforms obtained by adopting the two-dipole model for N1m were significantly different from the measured responses to target stimuli for the later component. This MTA ϭ mesial temporal area; STA ϭ superior temporal area; IPA ϭ inferior parietal area; -ϭ M400 peak absent.
finding indicated that other dipoles were necessary to explain the late responses of the ERF waveforms to target stimuli. By employing the source localization procedure in all the ERF waveforms, a subset of channels was first chosen over the middle lateral channels on each hemisphere where the largest differences in the late component between the measured and simulated waveforms were observed. Since the simulated waveforms obtained by adopting these two dipoles for M400 were significantly different from the measured waveforms at the anterior lateral channels in all ERFs, another subset of channels was selected over the anterior lateral channels on each hemisphere. Since the simulated waveforms obtained by adopting those four dipoles for M400 were still significantly different from the measured waveforms over the posterior lateral channels, an additional subset of channels was selected at the posterior lateral channels on each hemisphere. For the results of the threestep analysis procedure, in the two patients in whom M400 data were available before surgery (Patients 1 and 3), three ECDs for M400 were detected on each hemisphere; one each in the mesial temporal area, the superior temporal area and the inferior parietal area. This result was consistent with that obtained in the normal subjects of our previous series (Nishitani et al., 1998) . When the simulated waveforms, obtained by adopting each of the two-, four-and sixdipole models for M400 in Patient 3 before surgery, were superimposed on the measured waveforms in response to the target stimuli, the waveforms obtained by adopting the sixdipole model explained the measured waveforms sufficiently for the later components. The g-value for the six-dipole model for M400 improved significantly (92% at the latency of 308 ms), compared with that for two-and four-dipole models (71 and 82%, respectively) (Fig. 9A) . Furthermore, in Patient 3 before surgery, there were no residual differences between the measured waveforms and the simulated ones obtained by adopting the eight-dipole model, consisting of two for N1m and six for M400, throughout the analysis time at any channels. Similar results were obtained in Patient 1 before surgery. After surgery, ECDs for M400 were detected in the superior temporal area and the inferior parietal area bilaterally and in the mesial temporal area only on the intact side in four patients (Patients 1, 3, 5 and 6) (Fig. 7) . In these patients after surgery, the simulated waveforms obtained by adopting the five-dipole model fitted well to the measured waveforms for the later components. In Patient 12 who underwent the left ILTR, all three ECDs on each hemisphere were detected in similar regions to those seen in the normal studies (Nishitani et al., 1998) , and the simulated waveforms obtained by adopting the six-dipole model fitted well to the measured waveforms for the later components. The g-value for the five-dipole model in Patients 1, 3, 5 and 6, and the six-dipole model in Patient 12 improved the value compared with the two-or four-dipole model; e.g. 71, 79 and 86% for the two-, four-and five-dipole models, respectively, in Patient 3 (Fig. 9B) . The five-or six-dipole model explained the measured magnetic signals best. Dipoles obtained from the four patients who were examined before as well as after surgery were superimposed on each subject's own MRI (Fig. 10 ).
There were no significant differences in x-, y-and z-coordinates for those three ECDs for M400; in the mesial temporal area, the superior temporal area and the inferior parietal area on each hemisphere, among groups (Table 4) . ECDs for M400 were not affected by the changes of the structures covering the brain surface caused by surgical treatment.
Discussion
In order to clarify the relationship between the mesial temporal area and the scalp-recorded P300 in auditory information processing, we recorded ERPs and ERFs associated with the conventional auditory oddball paradigm in patients with medically intractable temporal lobe epilepsy before and after resection of a part of the temporal lobe. Before surgery, the scalp distribution of P300 was maximal at the midline vertex and symmetric, and there was no significant difference in its amplitude between the two hemispheres irrespective of the side of the epileptogenic foci. After surgery, P300 was still maximal over the vertex regardless of the side of resection but, in those patients who underwent STL, SAH and SH, its amplitude decreased only at the restricted area corresponding to the surgical intervention. In the MEG study, M400 was evoked at the anterior, middle and posterior lateral channels on each hemisphere. ECDs for M400 were detected in the mesial temporal area, the superior temporal area and the inferior parietal area on both hemispheres in the normal subjects as well as in the patients before surgery. After surgery, M400 disappeared only at the anterior lateral channels on the resected side in the patients who underwent STL, SAH and SH, but at other channels it did not differ from that observed before surgery. Only the ECD for M400 in the mesial temporal area on the resected side was lost. These findings suggest that the auditory processing is carried out by the combination of multiple structures including the mesial temporal area, the superior temporal area and the inferior parietal area on both hemispheres, and that the generator in the mesial temporal area contributes to the scalp-recorded P300 only at the corresponding anterior temporal region, but does not influence its predominant distribution over the scalp.
The scalp distributions of P300 in patients before surgery were consistent with those observed in the normal subjects studied as controls, and also with the previously reported data which were studied by employing both counting the number of target stimuli and button press as the response task (Vaughan and Ritter, 1970; Synder et al., 1980; al., 1991; Kanda et al., 1996) . The results of the present topographic study in the patients after temporal lobectomy are consistent with some of the previous reports based on similar patients, which showed neither reduction in P300 amplitude nor altered scalp distribution of P300 that would be expected if P300 were generated solely from the mesial temporal area (Wood et al., 1982; Johnson and Fedio, 1986; Johnson, 1988) . Studies in patients with amnesia showed that the mesial temporal formation did not contribute significantly to the scalp-recorded P300 (Onofrj et al., 1991 (Onofrj et al., , 1992 Polich and Squire, 1993; Honda et al., 1996) . These studies, including the present one, indicate the importance of other main generator sources for the scalprecorded P300. This assumption is supported by reports that lesions in the temporo-parietal and posterior association cortices resulted in decrements in the auditory and somatosensory P300 (Knight et al., 1989; Knight, 1991a, b, 1992) . On the other hand, Meador et al. (1987) , Wood et al. (1988) and Puce et al. (1989) showed, by invasive recordings, loss of limbic P3 in association with hippocampal sclerosis which was the most common histopathological finding in patients with temporal lobe epilepsy (Margerison and Corsellis, 1966; Brown, 1986, 1987; Puce et al., 1989; Dennis and Jaime, 1991) , and that the unilaterally absent limbic P300 was a common finding in patients with intractable temporal lobe epilepsy. In these studies, however, the P3-like potentials directly recorded from the mesial temporal area were totally different from the scalp-recorded P300 in their waveforms. In the present study, even in five patients who were found to have hippocampal sclerosis, P300 showed normal distribution before surgery, and the focal attenuation on the operated side was seen only after surgery.
One possible explanation as to why the unilateral temporal lobectomy had little effect on the scalp-recorded P300 is related to the extent of propagation of the mesial temporal area activity over the scalp. The hippocampus is a laminated structure in which the synaptic current flow tends to summate rather than cancel, and therefore is suited anatomically for producing ERPs. Wood et al. (1984) and Halgren et al. (1986) raised the question of whether the scalp-recorded P300 was a volume-conducted electric field of the mesial temporal area activity or the product of other possible generators, but the extent to which the activity generated in the hippocampus and amygdala contributes to the field is unknown. Altafullah et al. (1986) found that a post-epileptic slow wave activity, which was generated in the same area of the mesial temporal area, propagated to the lateral cortical surface, and further reported that, in comparison with the attenuation of the slow wave, the surface P300 was about twice as large as would be predicted if the mesial temporal area were its sole generator. In the present study, there were no significant differences in the waveform, peak latency or amplitude of P300 measured at Pz in the temporal lobe epilepsy patients before and after surgery. These results indicate that the peak latency and amplitude of P300 measured at Pz are not affected by the unilateral partial resection of the temporal lobe, and rather suggest the involvement of multiple sites, including the mesial temporal area, in auditory cognitive processing. Therefore, P300 most likely reflects the summation of multiple, parallel, neural activities that form a network for analysing incoming information. Evidence in support of the existence of multiple generators was obtained from lesion studies Johnson, 1988; Smith and Halgren, 1989; Nishitani et al., 1996) , and from MEG study in normal subjects (Nishitani et al., 1998) .
A theoretical difficulty exists in determining whether a lesion-induced change in the scalp field is the direct result of altering a generator source or not. Rugg et al. (1991a) recorded the auditory and visual oddball P300s on three different occasions from a patient with an infiltrating glioma in the left mesial temporal area, by using the balanced sternovertebral reference electrode. They reported that the amplitude of P300 at Pz was within normal limits and the scalp distribution of P300 over the central areas was symmetric, whereas the amplitude of P300 at the anterior electrodes on the affected side was altered on every occasion, suggesting that the scalp distribution and amplitude of P300 depend on the nature and the site of the lesions. Potter et al. (1993) studied a case of bilateral mesial temporal area lesions following viral encephalitis by using the same recording methods as Rugg et al. (1991a) , and found that the auditory and visual oddball P300s did not show any abnormality at any electrodes. The brain CT and MRI in these studies showed certain damage in the mesial temporal area, but the lesions in these cases are obviously different from the temporal lobectomy, in which at least a part of possible generators of P300 is actually removed. Another plausible explanation for the discrepancy between the results of these studies and those of the present study may be the difference in the recording sites. Rugg et al. (1991a) and Potter et al. (1993) did not record from the lateral temporal electrodes. It is certainly possible that the lateral temporal electrodes might have shown an alteration of the P300 amplitude, as in the present study which showed the attenuation of the P300 amplitude only at the anterior temporal electrodes on the resected side.
Finally, patients reported by Onofrj et al. (1991 Onofrj et al. ( , 1992 had extensive pathology in the bilateral mesial temporal area. Their scalp-recorded P300 showed a symmetric distribution, but the amplitude of P300 was attenuated at lateral temporal electrodes on each hemisphere. In their cases, however, recordings were made by using linked earlobes as the reference while the lesions extended beyond the mesial temporal area. These reference sites are very close to the lateral temporal scalp and thus might not be ideal for detecting potentials over the temporal region, even in cases without skull bone defect (Rugg, 1995) .
In humans, there are methodological limitations in the study of the source number, localization and configuration of ERP. In order to clarify whether the hippocampus, amygdala and adjacent cortical areas play an essential role in generating the P300-like wave corresponding to the scalprecorded P300, ERPs were studied in animal models; in monkey (Paller et al., 1982 (Paller et al., , 1988 (Paller et al., , 1992 Arthur et al., 1984; Neville and Foote, 1984; Glover et al., 1986) , cat (Wilder et al., 1981; Buchwald and Squires, 1982; O'Connor and Starr, 1985) , rabbit (Gabriel et al., 1983; Weisz et al., 1983) and rat (Ehlers et al., 1994) . The late positive component of ERPs recorded in these animals was widely distributed, being maximal over the sensorimotor and parietal cortical areas, which conforms with the results in humans. P300 was recorded in the monkey after total bilateral amygdalohippocampectomy without causing significant change in the waveforms (Paller et al., 1988) . Those ERPs were quite similar to the human P300 in terms of latency, polarity, topography, general waveforms and physiological characteristics. These results suggest that the late positive waves may reflect common neurophysiological processes in monkey and humans, and are consistent with the results in the present patients with temporal lobe epilepsy.
Two factors must be taken into account for interpreting the EEG data obtained after neurosurgical treatment of temporal lobe epilepsy. One is the extent of resection in the mesial temporal area and the other is the skull bone defect. Regarding the former, temporal lobectomy usually spares a substantial portion of the posterior hippocampus (Awad et al., 1989; Knight, 1990) . In the present study, as the result of resection of the anterior hippocampus, the ipsilateral P300 was attenuated or disappeared, indicating that at least a part of the generator of P300 is located in the anterior mesial temporal area. However, there has been no agreement as to where exactly in the hippocampus the P300 response originates. Wood et al. (1984) found the polarity reversal of P300 in the posterior hippocampus. Rugg et al. (1991b) reported that the anterior mesial temporal area was not the principal locus for the generators of ERPs in the visual recognition task. On the other hand, according to the special criteria in which the dipoles were assumed in the cube of Ͻ300 mm 3 (see Source modelling from MEG in Methods), the results identified by the present MEG study strongly suggest that the generating site in the mesial temporal area is located in its anterior portion. This finding is consistent with the result obtained by Halgren et al. (1986) , who reported the consistent localization of the intracranial P300-like activity in the anterior mesial temporal area.
The second factor is how much the skull bone defect intervenes in the scalp-recorded EEG signals. The high impedance of the skull is a major influence on the current flow from brain to scalp (Nunez, 1981 (Nunez, , 1995a . The skull defect may induce changes in the volume current flow, which can affect the scalp field distribution of ERP components. This explains the present finding that the distribution of N100 was asymmetric and was larger over the anterior quadrant on the operated hemisphere. In contrast, in spite of the predicted volume current flow, the amplitude of P300 was attenuated or even disappeared only over the limited area corresponding to the surgery, regardless of the type of operation, while the distribution of P300 over the vertex showed no significant difference before versus after surgery. There are previous studies suggesting that the local attenuation of P300 after STL was masked because of the increase in volume current flow caused by the skull defect Johnson, 1988) . Furthermore, Johnson (1988) recorded the P300 from the midline and parasagittal electrodes referenced to the linked earlobes. Therefore, their results might also have been affected by the recording electrode sites and the linked earlobe reference. In the present study, however, BNE was used as a reference in order to avoid the effect of current flow changes caused by skull defect on the reference electrode.
EEG does not have high spatial resolution, as described above, since it is easily affected by the different electric conductivity of head structures. The contribution of the mesial temporal area to the cognitive processing, which formerly was estimated from the results of topographical EEG studies, can be clarified by MEG, which, in contrast to EEG, can record brain activities non-invasively without being influenced by changes in the current flow caused by the surrounding head structures (Barth et al., 1986) . The results of the present MEG studies clearly suggest that only the magnetic deflections over the limited area reflect the resection-induced change of the intracerebral generator source while those over other areas are not affected. Regarding the generator source in the mesial temporal area, the studies using the intracranial depth electrodes support the results obtained by the present MEG study. These studies showed that the intracranial ERPs varied in amplitude and polarity over small distances within and adjacent to the hippocampal formation and amygdala, suggesting that P300 was generated in or close to these structures (Halgren et al., 1980 (Halgren et al., , 1995 Squires et al., 1983; Fedio, 1986, 1987; McCarthy and Wood, 1987; Halgren, 1988; Johnson, 1989a, b; McCarthy et al., 1989) . Furthermore, the MEG system used in the present study employed the planar type neuromagnetometer which can detect the generating site just below the channels which show the maximum magnetic deflections. Therefore, the active areas identified by the present MEG study are considered to be highly reliable. The MEG results in the patients before surgery were exactly the same as those that we observed in the normal subjects (Nishitani et al., 1998) . Further, they are partially supported by the previous MEG study (Okada et al., 1983; Gordon et al., 1987; Lewine et al., 1990; Rogers et al., 1991; Tesche et al., 1996) . Judging from the present results studied by MEG, three dipoles detected in the mesial temporal area, the superior temporal area and the inferior parietal area on each hemisphere are considered to be active almost simultaneously in the auditory stimulus detection task. The results relating to M400 and its ECDs indicate that the auditory cognitive processing is carried out by the combination of multiple regions described above, and that the unilateral resection of the mesial temporal area does not affect this processing. Consequently, the results of ERFs in the present study support those of ERPs.
In two patients (Patients 4 and 9), P300 was easily recognized whereas M400 was not detected at any channel. It is conceivable that, in those cases, the dipole was directed radially with respect to the head surface at the latency of the M400 peak, because MEG is most sensitive to the tangentially oriented dipole and much less sensitive to other dipoles such as randomly or radially oriented ones (Cohen and Cuffin, 1983; Lopes da Silva et al., 1991 . Further, the reason why the degree of difference in magnetic responses between the target and non-target stimuli varied among subjects is presumed to be that the channels showing the largest magnetic signals to the target stimuli in each subset channel were not always the same before and after surgery or among subjects, and that the cognitive information processes are not entirely the same among subjects. The latter reason is supported by the fact that the peak latency of M400 was variable among different areas and among subjects.
